We here report a study of the correlation between the evolution of resistive switching and the oxygen vacancy configuration in La 0.5 Ca 0.5 MnO 3 (LCMO) based memristive devices. By taking advantage of LCMO located at a phase boundary of the metal-to-insulator transition, we observe the development of the high resistive states, depending upon not only the electrical pulse magnitude but also the switching cycles. We discuss the experimental results by an oxygen migration model that involves both single isolated and clustered oxygen vacancies, which are later verified using aberration-corrected scanning transmission electron microscopy.
The resistive switching phenomenon discovered in metaloxide-metal structures has attracted intense research interest as it encompasses intriguing physics and the promise of applications in nonvolatile memristive devices [1, 2] . Among the concerted efforts for understanding its physical mechanism, the phenomenological model in terms of oxygen vacancy (ion) electromigration has received much attention [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . On the one hand, this is because the oxygen vacancy is one of the fundamental defects in oxides and its migration driven by current or voltage pulses can occur at ambient and even cryogenic conditions [15, 16] . On the other hand, this can also be attributed to the well-known fact that oxygen vacancies indeed enable critical impacts on the electrical properties for a large variety of compounds. In the past five years, many works have focused on the resistive switching properties (the resistive change ratio, retention, endurance, etc) by tailoring oxygen vacancies via various techniques [7] [8] [9] [11] [12] [13] [14] . Despite significant progress 3 These authors contributed equally to this work. 4 Authors to whom any correspondence should be addressed. achieved in the device performance [17] , the guidelines for the oxygen vacancy engineering remain elusive, and to date, the knowledge on oxygen vacancies and their migration during the resistive switching is far from adequate.
Here, we report a study of the correlation between the evolution of resistive switching and the oxygen vacancy configuration in La 0.5 Ca 0.5 MnO 3 (LCMO) based devices. As a typical perovskite manganite in the phase diagram of La 1−x Ca x MnO 3 , LCMO is best known by its charge-orbital ordering state at low temperatures [18] . In the present work, however, it is chosen for its other prime feature, i.e. this half-doped manganite locates at a phase boundary of the metal (x < 0.5) to insulator (x > 0.5) transition, and because of this characteristic, we expect that a subtle local development with the oxygen vacancies (configuration and concentration) should bring forth a discernible resistive evolution at the metal-oxide interface.
Epitaxial LCMO films were grown onto (001) SrTiO 3 (STO) single crystal substrates (5 × 5 mm 2 ) by pulsed laser deposition using a KrF excimer laser with a 5 Hz pulse rate and a 1.6 J cm −2 energy density. The films were deposited in figure 1(a) ) confirms a single phase and (00l) oriented growth. For the fabrication of a planar device shown in figure 1(b) , a Cr/Au pad (Au-P0, ∼2.5 × 5 mm 2 ) with Cr as the seeding layer was deposited onto the half film surface using E-beam evaporation, while a small Ag contact (∼0.25 × 0.5 mm 2 ) was fabricated by printing and curing high quality silver-filled epoxy adhesive (H20E) with ∼0.2 mm separation on to the close boundary of the Au-P0 pad. In addition, a small reference Cr/Au electrode (Au-P1, ∼0.3 × 0.6 mm 2 ) was deposited adjacent to the Ag electrode. The various electrical responses were measured at 300 K by the two-probe method. The current pulse was applied to the small electrode with Au-P0 being grounded. To avoid perturbing the interfacial states, the junction resistance was always recorded using a small measuring current of 10 µA. Cr/Au electrode is ohmic; (ii) the electroresistance is absent in the reference device; and importantly (iii) the non-ohmic electrical contact between the small Ag electrode and the LCMO film plays a crucial role in the creation of the resistive switching behavior.
To detail the evolution of the resistive switching in Ag/LCMO/Au-P0, the cycle dependence of the resistive switching was carefully measured in the writing-readingerasing mode using bipolar electrical pulse trains (positivenegative-positive-· · ·) with different kinds of magnitudes (I p = 10, 20, and 30 mA), and in addition to the instant resistive response at ∼0 s, the short-time relaxation (within ∼50 s) was monitored every 10 s after switching off each discrete pulse. As clearly seen in figures 3(a) and (b), only with I p ≥ 20 mA can the current pulses give rise to a pronounced resistive switching, which is in good agreement with the I-V measurements. Interestingly, with increasing switching cycles in the case of I p = 20 mA, the HR profile monotonically increases and finally gets nearly saturated. By contrast, the enhanced HR profile in the case of I p = 30 mA is promptly set, and with increasing switching cycles it exhibits no systematic change but some fluctuations as also confirmed by the repeated measurement ( figure 3(b) ). In all the cases, the LR states appear to be stable at about 250 , however, the HR states exhibit a visible resistive relaxation. The average short-time relaxation rate for the HR states has been assessed by
where t = 50 s, and R(∼0 s) and R(50 s) are the initial resistive response driven by the electrical pulsing at ∼0 s and the resistance at 50 s after switching off the current pulse, respectively. Figure 3 (c) plots the relaxation rates as a function of the observation time. In a close correlation with the evolution of the HR profile, the relaxation rates with I p = 20 mA first increase and then become nearly constant with increasing switching cycles. For the two cases of I p = 30 mA, however, the relaxation rates are approximately constant since the very beginning and they are apparently larger than those with I p = 20 mA. Due to their importance to practical applications, the endurance and retention properties of memristive devices have been extensively explored. But so far, much less attention has been paid to the initial evolution of the resistive switching. In a Pr 0.7 Ca 0.3 MnO 3 film based device, Odagawa et al [19] reported a developing resistive switching behavior similar to the present case of I p = 20 mA. However, they did not provide an explanation of the observed phenomenon. For the present bipolar switching device, the negative (positive) electrical pulses drive the oxygen vacancies into (away from) the Ag-LCMO interface, thus partially breaking (rehabilitating) the Mn-O-Mn chains for electron hopping and in turn increasing (lowering) the device resistance. Note that the trapping centers randomly located near the Ag-LCMO interface could cause a minor difference in the oxygen vacancy distribution between successive electrical pulses. If each time the single negative pulse of the same I p involves a constant number of mobile oxygen vacancies, the HR profile should not show a systematic cycle dependence but just some fluctuations [8] , as can be seen in the cases of I p = 30 mA. It thus appears that an enriched concentration of oxygen vacancies should be incorporated with increasing switching cycles in the case of I p = 20 mA. To shed more light on this process, we extract the instantaneous HR response [R ins = R(∼0 s)] induced by the negative pulses of I p = 20 mA from figure 3(a), and plot them versus the switching cycle numbers (n) in figure 4 . By using the least squares method, we find that the evolution behavior can be well fitted with a double-exponential function (see the solid line in figure 4 ):
Here, the C i parameters have the dimension of resistance ( ) while the P i parameters are dimensionless and resemble a time constant associated with the switching cycle numbers. The P i parameters obtained from the fit are: P 1 = 1.26 ± 0.31 and P 2 = 10.42±0.57. Such fast and slow responses naturally lead us to conjecture different atomic configurations of oxygen vacancies that may be involved in the resistive switching processes.
In general, oxygen vacancies are known to exist as single isolated point defects [20, 21] . However, for perovskite oxides [22] [23] [24] as well as some binary oxides [25] [26] [27] [28] that are prone to be oxygen deficient, strong interactions between oxygen vacancies can occur, causing them to cluster or order in correlated form. We note that assuming an existence of oxygen vacancy clustering in the present LCMO films, the experimental results can be consistently interpreted as follows.
First, as indicated by the first-principles calculation performed recently by Cuong et al [23] , the migration energy barrier for oxygen vacancies in correlated form is larger than that of a single isolated oxygen vacancy. Hence, a negative electrical pulse with I p up to 20 mA would just induce a swift attraction of single isolated oxygen vacancies towards the Ag-LCMO interface, causing a moderate rise in the device resistance. Second, with the initial motion of single isolated oxygen vacancies, local atomic rearrangements could occur [29] , allowing some clustered oxygen vacancies to be separated into single isolated vacancies and/or smaller sized vacancy clusters which can be later driven to the metal-oxide interface by the subsequent electrical pulses. With such kinetic processes of oxygen vacancies in isolated and correlated forms, which are actually revealed by the fast and slow responses in the bi-exponential fit, respectively, the oxygen vacancy concentration should be gradually enriched at the Ag-LCMO interface, which in turn gives rise to the developing HR profile in the case of I p = 20 mA. It also becomes clear that, by applying a stimulus at a higher energy level (I p = 30 mA), more vacancies both in isolated and correlated forms would be promptly driven to the interface, leading to an abrupt establishing of HR profile of an enhanced resistance. On the other hand, with an enriched concentration of oxygen vacancies at the Ag-LCMO interface, an increased fraction of vacancies would be driven into a nonequilibrium distribution, and the stronger Coulomb repulsive interactions between the oxygen vacancies will accelerate the vacancy diffusion away from the interface [3] . This explains why the resistive relaxation rates are larger in the case of I p = 30 mA; and in the case of I p = 20 mA, the relaxation rates are gradually increased to an approximately constant value with increasing switching cycles.
For a verification of the presence of oxygen vacancy clustering in the LCMO film, we further exploited an aberration-corrected scanning transmission electron microscope (STEM), which can directly image the oxygen atoms with atomic resolution. The STEM observation was carried out on a JEOL 2100F transmission electron microscope (JEOL, Tokyo, Japan) operated at 200 keV. The effective probe size was defined to be ∼0.9Å at an incident angle of 25 mrad. The cross-sectional specimens for the STEM analysis were carefully thinned down to obtain electron transparency. In particular, the final ion-beam milling was performed on a low energy, low-angle parameter and liquid-nitrogen cooled stage to avoid damage to the film microstructure. Figure 5 (a) shows a typical annular-bright-field (ABF) micrograph taken along the [100] direction in a cross-section specimen of the LCMO film. In this image the cation sites of La(Ca), Mn, Ti and Sr columns are revealed in dark contrast with different intensities, while, in particular, with extended sensitivity for light atoms in the ABF configuration [30] , the O sites can be identified as lighter dots between each of the two cations [31] . Clearly, the LCMO film was epitaxially grown on STO with a sharp LCMO-STO interface. However, as far as the lattice coherence is concerned, there exist regions, the marked area 2, for instance, exhibiting different intensity profiles from the surroundings. As preliminarily analyzed in figure 5(b) , the integral ABF line profile seen along the [001] direction shows regular and similar patterns for both film and substrate in the adjacent areas 1 and 3; whereas in the area 2 it shows an irregular pattern only for the film, implying the existence of lower atom occupancy in this area. It is worth noting that, to avoid a preferential thinning effect at the dislocation cores during the ion-beam sample preparation [32] , the ABF micrograph was taken not including misfit dislocations that were generated by the strain relaxation and were observed elsewhere at the LCMO-STO interface. In such an instance, the detected lower atom occupancy should be attributed to the atomic vacancies inherent to the LCMO film. Figure 5 (c) shows the enlarged micrograph of the area 2. To check the existence of oxygen vacancies in this area, we carefully obtained the ABF line profiles (figures 6 and 7) along the five Mn-O chains and five La(Ca)-O chains indicated by the numbers and arrows in figure 5(c) . Note that the intensities in atomic sites of La(Ca), Mn, O are weaker than the surroundings; they are revealed by the different wave troughs denoted by the arrows in the intensity profiles. As characterized by an obvious decrease of depth in some wave troughs corresponding to the O sites, oxygen vacancies in single isolated oxygen columns (figures 6(1) and (3), 7(3)) and also neighboring oxygen columns (figures 7(1) and (2)) can be clearly resolved in Mn-O and La(Ca)-O chains, indicating the presence of oxygen vacancies and vacancy clustering, which thereby supports our model on the evolution of the resistive switching.
In summary, with detailed electrical measurements and aberration-corrected STEM characterization, a resistive switching evolution has been captured in LCMO based devices, and explained by an oxygen migration model that involves not only the single isolated oxygen vacancies but also the oxygen vacancy clustering. To the best of our knowledge, the oxygen vacancy configurations (in single isolated form or in clusters) have so far been rarely clarified in studies on resistive switching. We believe, however, they are crucial for understanding the physics of resistive switching, and their substantial impact deserves imperative attention in terms of defect engineering in memristive devices.
